are dramatic; while GHG cap-and-trade allowance prices have been below $16 per MTCO 2 e, LCFS program credit prices have risen to nearly $180 per MTCO 2 e, more than a 11-fold difference. Some have tried to justify these high costs and negligible environmental impacts by claiming that the LCFS is a "technology" policy aimed at "spurring innovation." While measuring innovation is complex, it should be noted that compliance with the LCFS has largely been achieved through preexisting technologies. It is unclear to what degree, if any, improved efficiencies ("learning by doing") have been achieved through the demand for renewable fuels created by the LCFS. Moreover, LCFS costs are comparable to all federal spending on renewable energy, raising the question of whether the LCFS is the best use of society's resources from the standpoint of investment in promoting energy technology innovation.
Next Steps for Oregon Climate Policy
As Oregon contemplates the adoption of cap-and-trade, it has several options for its suite of climate policies. One approach maintains all policies, as currently designed. Our analysis shows that, due to interactions among overlapping climate policies, retaining certain complementary policies could be very costly without achieving any incremental environmental benefits.
A second option would be to develop a GHG cap-and-trade program of sufficient stringency to achieve targeted emissions or allow prices to rise to the social cost of carbon, and end complementary policies that do not produce incremental benefits by addressing market failures unrelated to the GHG emission externality or regulating sources not covered by the cap. This approach could begin by undertaking a thorough assessment of the likely interactions among overlapping climate policies and the extent to which policies address market failures unrelated to GHG emissions. The feasibility of this approach will depend on how aggressively Oregon can pursue carbon pricing.
A third approach is a hybrid of these approaches. While economic analysis unambiguously shows that policies relying on GHG emission pricing, such as GHG cap-and-trade, are the most costeffective approach to achieving emission targets, political realities may not support the immediate adoption of climate policies relying largely (if not solely) on carbon pricing. But the costs of pursuing aggressive GHG emission reductions goals through more-costly complementary policies will grow over time, which makes that path not only costly but politically risky. The hybrid option involves a transition to increased reliance on GHG cap-and-trade by diminishing the reliance (i.e., stringency) of some complementary policies and gradually (or even quickly) shifting to the uniform-price incentives created by cap-and-trade. Oregon is contemplating the adoption of a greenhouse gas (GHG) cap-and-trade system. 3 For example, Senate Bill 1507, also known as Oregon's Clean Energy Jobs bill, would create a GHG cap-andtrade system for major sources of GHG emissions. 4 The GHG cap-and-trade system would add to the existing policies Oregon has adopted to address climate change and other environmental impacts from energy use. Like many other states, Oregon has begun to pursue climate policies to attempt to fill the gap created by the lack of effective climate policy at the Federal level.
In this paper, we evaluate Oregon's proposed GHG cap-and-trade system and consider its implications for other climate policies Oregon has already adopted. Section I starts by discussing the benefits of cap-and-trade as an approach to addressing climate change. In Section II, we discuss "complementary" policies states are developing to address GHG emissions. Under certain conditions, such additional policies can improve environmental and economic outcomes. However, due to interactions between policies, some complementary policies raise costs and fail to achieve emission reductions. We identify the conditions that lead to these different outcomes, and discuss how the particular policies currently in place in Oregon would interact with the addition of a GHG cap-and-trade system. In Section III, we analyze certain climate policies in California to identify the impacts of interactions that Oregon might expect from its suite of policies. In particular, we examine California's Low Carbon Fuel Standard (LCFS), including its interactions with California's GHG cap-and-trade system. 
I. BENEFITS OF GHG CAP-AND-TRADE SYSTEMS
A cap-and-trade system limits (caps) the total emissions permitted from a designated set of sources. By reducing the cap over time, emissions are reduced from current levels to meet policy objectives. Cap-and-trade systems have been widely applied to GHG emissions. At present, there are approximately 21 systems covering emissions at the state, provincial, national, or regional level.
5 A capand-trade system can cover a large fraction of economy-wide emissions, because the energy sources that account for most emissions can be regulated through a relatively small number of sources. For example, California's GHG cap-and-trade system covers approximately 85% of state-wide GHG emissions by regulating emissions from electric power generators, large industrial facilities, and suppliers of natural gas and other fuels. By capping total emissions, a cap-and-trade system provides a high level of emission certainty. By comparison, policies that target particular activities through standards do not achieve any particular emission target with certainty. For example, a low carbon fuel standard may reduce fuel carbon-intensity, but it does not affect the number of miles driven or vehicle fuel efficiency. Thus, total emissions may increase even if carbon-intensity is falling.
Cap-and-trade systems achieve emission reductions at a lower cost than other regulatory approaches. By imposing a cost on activities that generate emissions, cap-and-trade creates a uniform incentive that encourages emission reductions through the least-costly approach. Sources that can reduce emissions at a cost less than the cost of emission permits (allowance prices) will take steps to reduce emissions, while sources that can only reduce emissions at a cost greater than allowance prices will not take such action. Because allowances used to comply with the cap-and-trade system are tradeable among regulated sources, allowances can flow to sources as needed to cover emissions.
Legislative proposals in Oregon (e.g., HB 4001, SB 1507) specify many elements of the GHG cap-and-trade design, but also leave many features for the regulator, the Oregon Environmental Quality Commission (EQC), to determine. These proposals include features of a well-designed GHG cap-andtrade system, and, when providing the EQC with rule-making discretion, do not preclude potentially valuable design features. But, as with any complex regulation, the design details that need to be worked out during this rulemaking process would be critical to determining the eventual effectiveness of the policy.
In these proposals, the program would cover all sectors of the economy that are easily regulated through a GHG cap-and-trade system, including large point sources and fuels, such as natural gas, gasoline and diesel. Sources outside the proposed program are generally more difficult to monitor and enforce, thus making regulation through other measures more promising.
Proposed legislation can accommodate key design features to take advantage of "when" and "where" flexibility, although such features must be developed during the rulemaking process. Because GHG emissions are long-lived "stock" pollutants, the timing of emissions is less critical to the damages they create than is the case with many other pollutants (e.g., criteria air pollutants). Thus, welldesigned cap-and-trade systems include banking and multi-year compliance periods to allow sources flexibility over when emission reductions are made. 7 Further, because the impact of GHG emissions is independent of where emissions occur, systems that include linking and offsets can lower the total costs of achieving emission goals. The legislation includes specific provisions that permit the EQC to link Oregon's programs with other systems and allow sources to use offsets to fulfill up to 8% of their compliance obligation.
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The proposed system includes an Allowance Price Containment Reserve, designed to help contain the costs of compliance. The Reserve holds a finite quantity of allowances that are released only when prices rise to a predetermined "trigger" price level. The Reserve can help mitigate costs and allowance price volatility in the event that there is a sudden increase in demand that would lead to a spike in allowance prices.
However, the proposed cap-and-trade system does not include an explicit price cap that could provide a "safety valve" in the event that demand for allowances suddenly increases. By itself, the Reserve will not limit prices from rising to economically (and politically) unacceptable levels. Because the Reserve holds a finite quantity of allowances, once the Reserve is exhausted, allowance prices can continue to rise unabated.
A price cap has many benefits. 9 A price cap sends a clear signal to the market about the range of prices that could prevail in the future. It also provides market stability, because absent a price cap, there is a risk that a sudden increase in prices undermines political support for the policy. In the past, the failure of policies to include a safety valve has led to the suspension of emission trading programs when prices suddenly rose to high levels, such as occurred in the RECLAIM program in California's South Coast Air Quality Management District.
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California recently adopted a price cap. In its draft rulemaking, the California Air Resources Board (CARB) has set the price cap at $65 per MTCO 2 e in 2021. The price cap would rise at a rate of 5% plus inflation. It is anticipated that CARB will finalize these rules this year.
In many respects, the GHG cap-and-trade proposals mirror systems already in place in California and Quebec. This builds on experience gained with design of GHG cap-and-trade systems in California. If sufficiently similar, Oregon could link its system to the California system and other systems (e.g., Quebec), if desired. Linkage can lower the total economic cost of achieving emission targets by expanding the geographic scope of emission reductions opportunities.
The compliance instruments --allowances --used by sources to comply with a cap-and-trade system have substantial economic value.
12 Thus, a key decision for legislators in developing a cap-andtrade system is determining how these allowances will be allocated. This can affect both the aggregate economic impact of the cap-and-trade program, as well as the distribution of its economic outcomes across businesses and consumers.
Legislators have two basic options: freely allocating allowances to particular entities, or selling allowances through auction. HB 4001 / SB 1507 proposes to allocate allowances through both of these mechanisms. Some allowances would be allocated directly to electric and natural gas utilities and emission-intensive, trade-exposed industries. These direct allocations have two distinct purposes. Direct allocations to emission-intensive, trade-exposed industries through an updating, output-based allocation can offset the risk that the GHG cap-and-trade program leads to emission leakage.
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Emission leakage occurs when economic activity shifts locations due to higher regulatory costs.
When allowances are allocated directly to regulated utilities, the allowance value is used to lower customer bills to offset the impact of cap-and-trade on consumer energy costs. While this approach reduces customer rate impacts, it also reduces energy customers' incentives to reduce energy use. Thus, an alternative approach that returns allowance value to customers in a lump sum dividend can help offset program costs while preserving the (marginal) incentives for energy consumers to reduce their energy use. This approach may also address distributional concerns, as carbon pricing tends to disproportionately affect lower-income households.
Under SB 1507, as proposed, allowances that are not allocated directly would be sold through an auction, with the government retaining the auction revenues. When selling allowances through an auction, the resulting economic gains and their distribution throughout the economy depends on decisions made by the government about how revenues are used. The cost of a cap-and-trade program is minimized when auction revenues are used to offset pre-existing distortionary taxes, such as income taxes. This path was taken in British Columbia, which lowered several types of pre-existing taxes to offset new revenues from its carbon tax, including personal income taxes, corporate income taxes, and industrial property taxes. 14 Legislative proposals in Oregon specify particular uses for the auction revenues, including road and highway maintenance, public education (per existing articles in the State Constitution), projects aimed at achieving the bill's objectives, and transitioning workers in affected communities. 15 Road and educational spending reflects requirements in the Oregon Constitution given the nature of the revenues being collected. Like Oregon's proposal, many cap-and-trade programs use auction revenues to support projects aimed at reducing GHG emissions. Such spending may seem natural given the goals of climate policy. However, care is needed when selecting projects and activities to achieve environmental and economic benefits. To achieve reductions in GHG emissions, such spending should target sources outside the cap or programs that address market failures unrelated to GHG emissions. Below, we elaborate on these conditions, as they pertain to complementary policies. But the same logic holds for revenue spending: spending to reduce emissions from sources covered by the cap will not reduce total emissions because the cap remains unchanged. Instead, such spending shifts where emissions occur under the cap and subsidizes spending on emission reductions activities that otherwise would be made solely due to the capand-trade price signals.
II. STATE CLIMATE POLICIES
In the wake of a lack of Federal leadership on climate policy, some states have sought to develop their own policies, often in coordination with other states (and provinces). These state climate initiatives often take a "belt and suspenders" approach that includes a suite of policies targeting different activities that generate GHG emissions. This approach can aim to address each activity that produces GHG emissions through one or more measures, sometimes regardless of the merits of each policy or the interactions among the policies.
Oregon already has enacted several other policies intended to reduce GHG emissions, including:
 Clean Fuels Program (CFP). The Clean Fuels Program is a standard designed to lower the carbon intensity of transportation fuels. The CFP requires reductions in the average fuel carbonintensity below a baseline level. As regulated by the program, carbon-intensity reflects "lifecycle" emissions that include tail pipe emissions, emissions sequestered in the process of growing fuel crops (for renewable fuels), and emissions created during fuel production. Fuel suppliers can comply with the standard by selling a mix of fuels with an average carbon-intensity below the cap (i.e., "over-complying"), or by purchasing credits generated by suppliers that have over-complied with the standard. The program was implemented in 2016.  Renewable Portfolio Standard (RPS). Oregon's RPS requires that 50% of electric power used in the state be generated from renewable sources of electricity by 2030. Renewable energy sources include technologies such as wind power, solar power, geothermal power, small hydropower, certain biomass products, and power generated with landfill gas. technical assistance to help Oregon utility customers invest in energy-saving or renewable energy projects. Its services and support are available to both residential and commercial customers. The Trust is funded by charges included in electric and natural gas utility customer bills.
Below, we identify the key conceptual issues affecting decisions to develop policies to complement a GHG cap-and-trade program.
First, we identify the conditions under which complementary policies can improve environmental and economic outcomes, particularly by addressing problems ("market failures") not addressed by cap-and-trade and by targeting emission sources not targeted by cap-and-trade. Next, we consider when interactions between GHG cap-and-trade systems and other policies are problematic, raising costs and failing to achieve emission reductions. Finally, we consider options policymakers have when political conditions do not support setting carbon prices at sufficiently high (efficient) levels.
A. Economic Principles for Complementary Policies
From an economic perspective, the primary purpose of regulatory interventions is to remedy market failures that prevent markets from arriving at economically efficient outcomes. If a regulation can create positive net benefits (benefits greater than costs) by addressing a market failure, without imposing excessive costs or unintended consequences, economic welfare can be improved.
The key market failure contributing to health and environmental impacts is the failure of households, businesses, and industry to account for these impacts in their energy use decisions. That is, energy prices do not reflect the true social costs of energy use. As a result, energy use and associated impacts are too high from the standpoint of society as a whole. 17 This problem has been well studied, and there is universal consensus that the most efficient approach to this problem is to set energy prices at their true social costs through environmental prices, such as carbon prices created through a cap-and-trade system.
For climate change, the economic cost (damages) of additional GHG emissions are measured by the social cost of carbon. Estimates of the social cost of carbon were developed by the United States Government's Interagency Working Group (IWG) on the Social Cost of Greenhouse Gases. Developed to provide United States' regulatory bodies with a consistent estimate of the social cost of carbon for use in regulatory analyses, 18 the IWG's estimates of the social cost of carbon have become a standard 17 In addition, energy may be underpriced for a variety of other reasons, which could also lead consumers to use excess energy. 20 For example, the damages from 1 metric ton of emissions in 2030 would be $79 in 2030 dollars when the future impact of those emissions are discounted back to 2030 at a 3% discount rate. These social cost of carbon estimates represent the global damages to various sectors, including agriculture and energy dependent sectors, climate driven human health impacts, damages from sea-level rise, and impacts to ecosystem services. 21 However, the failure of energy prices to reflect true environmental costs is not the only market failure relevant to climate policy. From an economic perspective, the criteria for complementary policies is relatively clear in principle. Complementary policies may provide economic benefits under one of two conditions: In each case, particular complementary policies must still be shown to provide positive net benefits and be preferred to other alternatives.
We turn first to the rationale for complementary policies that there are market failures present which are unrelated to the GHG emission externality. Several different types of market failures are particularly relevant to the climate change problem:
 Information Problems. When market participants fail to have accurate information about a product's attributes, they can make decisions that do not account for the true costs and benefits of alternative choices. Two types of information problems are of particular concern.
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The principal-agent problem arises when one party makes decisions with financial implications for another party. For example, building owners may not make investments in energy efficiency if they lease to tenants that pay their own utility bills, since the tenant will keep the cost savings; likewise, renters may not make such investments, because there is a high likelihood they will move and lose out on future energy savings. Informational problems also include asymmetric information, which arises when one party to a transaction has more information than others.
 Behavioral failures. Behavioral market failures refer to market outcomes that derive from actions that diverge from what economists have typically defined as rational behavior. For example, consumers seem to require higher compensation for giving up a good than their expressed willingness to pay for the same good. Behavioral failures have been invoked as an explanation for the apparent failure of households and businesses to adopt cost-effective energy efficient technologies -that is, technologies that produce energy cost savings that exceed the cost of technology adoption.
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 Innovation Spillovers.
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Achieving ambitious climate goals will require substantial innovation in energy technologies to reduce their GHG emissions, while continuing to provide the many benefits created by use of energy. Such innovation includes both development of new technologies as well as increases in the efficiency and reductions in the cost of existing technologies.
Innovation leads to positive knowledge spillovers as ideas from research and development (R&D) flow into and enhance other R&D activities. Even if new innovations have legal protections such as patent exclusivity, innovators cannot capture all of these spillovers. Because innovators do not reap all of the rewards created by their innovation, private incentives to invest in R&D are below the socially optimal level.  Congestion Externalities. Socially inefficient levels of traffic congestion lead to many costs, including excess fuel use and emissions, and lost time. However, efficient congestion pricing may be impractical because of technical challenges. As a result, certain public policies may target these externalities, such as subsidies for public transportation.
 Network Externalities. Many energy systems include distribution networks that deliver fuel to individual consumers. For a given technology or fuel type, the availability and reliability of the network used to delivery energy is an important dimension of consumer technology choices. Network externalities potentially affect these technology choices. Several examples from the transportation sector illustrate network externalities.
Hydrocarbons, electricity and hydrogen are three important transportation fuel technologies that each require distinct refueling infrastructure. At present, the ubiquity of gasoline service stations creates a positive network externality --the benefits of owning a traditional gasoline powered vehicle increase with a more-developed refueling network. Due to these positive network externalities, the incentives favor owning a gasoline-powered vehicle relative to, for example, an electric vehicle, which depends on a less-developed network of electric charging stations. While a more developed network of charging stations would increase the benefits of owning an electric vehicle, without sufficient numbers of electric vehicles on the road, incentives to invest in charging stations may be inadequate (Li et al, 2017) . The resulting "chicken-and-egg" problem may prevent the efficient market developments.
Another example of a network externality is hydrocarbon standards. Combustion and diesel engines are designed to accept fuels meeting particular fuel specifications. For example, most gasoline-powered vehicles rely on E10, which includes up to 10% ethanol, but cannot operate on higher fractions of ethanol without creating risks of engine damage and voiding of warranties. As a result, these technical engine standards may create a "blend wall" that limits the ability to blend renewable fuels.
Policies aligned with the underlying market failure will address most efficiently and effectively these market failures. For example, network externalities associated with refilling/recharging station networks suggest subsidization of refilling/recharging networks. 26 By contrast, while some other policies would address transportation technologies, they would not necessarily address network externalities. For example, an LCFS subsidizes all forms of transportation irrespective of whether a particular fuel faces a network externality. Moreover, an LCFS subsidizes the variable costs associated with each fuel system, rather than addressing the fixed costs (or standards) associated with refilling/recharging infrastructure. Likewise, congestion externalities suggests some subsidization of public transportation or congestion zone pricing. But, an LCFS would do nothing to address the congestion market failure, since it does not directly address any component of a consumer's travel decisions.
Similarly, policies to address innovation spillovers should target underinvestment in energy R&D. Many market-based policies, such as GHG cap-and-trade systems, RPS and the LCFS, create financial incentives for private firms (entrepreneurs) to increase investment in energy R&D. However, these policies create uniform incentive for GHG reductions regardless of the state of technology development. Thus, depending on the state of technology development, these policies may promote substantial technological innovation or simply lead to widespread deployment of pre-existing technologies.
Despite these issues, regulators, such as CARB, have sometimes argued that these types of market-based policies are "technology" policies aimed at encouraging innovation, as distinct from policies aimed at cost-effectively achieving emission reductions. For example, CARB has argued that its LCFS is a "technology" policy aimed at "spurring innovation" in cleaner fuels. 27 However, this claim not only suggests that the gains in energy innovation outweigh the higher costs of these policies, but that their net gains outweigh those of other policies targeting increased energy R&D.
Other policy approaches may better target R&D incentives. For example, the federal government (and some state governments) undertakes substantial direct R&D investment in energy technologies.
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To the extent policies aim to subsidize innovative technologies, such subsidies can be gradually reduced as market deployment increases. By contrast, most current policies such as California's LCFS have no mechanism to reduce incentives once a technology becomes mature.
B. Interactions between Cap-and-Trade and So-Called Complementary Policies
For state-level climate policies, interactions can occur between individual elements of a state policy or between state policy and federal policy. In either case, interaction between policies has potential implications for the cost-effectiveness of actions taken to reduce GHG emissions, and can have implications for aggregate emission reductions as well.
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Interactions between policies are most problematic when two conditions occur: 30 1. When a state policy creates more stringent requirements that overlap with a "broader" state or federal policy ("overlap criteria"); and 27 For example, "Since 2011, the LCFS has been a cornerstone of California's effort to reduce greenhouse gas (GHGs) emissions and has spurred innovation in low-carbon transportation fuels such as hydrogen, electricity and biodiesel." CARB, "CARB amends Low Carbon Fuel Standard for wider impact," September 27, 2018.; "The LCFS is an important tool in California's efforts to reduce the impacts of climate change by spurring innovation in an array of cleaner fuels. In the context of Oregon's climate policies, the interaction of greatest concern is between the GHG cap-and-trade program and other climate policies that regulate sources covered by the cap-and-trade program.
31 For example, emissions from transportation fuel combustion are regulated by both the cap-and-trade program and by the CFP, which mandates reductions in the GHG-intensity of transportation fuels.
In general, when state-level policies overlap with cap-and-trade, the complementary policies will fail to create any additional emission reductions. With a binding cap-and-trade system in place, aggregate emissions will equal the cap whether or not complementary policies are implemented.
32 While complementary policies may shift emissions among sources or sectors covered by the cap, aggregate emissions will remain unchanged. Under these conditions, the complementary policy produces no incremental emission reductions; it simply relocates the emissions (or worse, as we discuss below).
In addition, complementary policies may increase the cost of meeting emission targets when implemented alongside cap-and-trade. If complementary policies require that more costly emission reductions be undertaken, then the shift from lower-cost to higher-cost reduction activities increases the cost of achieving emission targets. If the complementary policy requires reductions that are cost-effective under cap-and-trade then the reductions occur whether or not the complementary policy is implemented; consequently, costs do not rise, but the policy is irrelevant. A complementary policy can shift emission reductions to lower-cost emission reduction activities only if it targets non-GHG market failures, such as information problems or behavioral biases regarding household energy use, or targets sectors not covered by the cap-and-trade system.
Complementary policies may depress cap-and-trade allowance prices.
Because complementary policies may require emission reductions that are more costly than would be required under cap-and-trade, these requirements displace emission reductions that would otherwise be required by the cap-and-trade system. As a result, the quantity of emission reductions required to meet the cap are reduced, which depresses the price of cap-and-trade allowances. These low prices are problematic for induced technological change. 32 If the cap is not binding, then complementary policies can reduce emissions. For example, for several quarters in recent years, California's cap was not binding because the auction reserve prices limited allowance allocations. However, the low demand for allowances was primarily a result of the substantial emission reductions achieved by the complementary policies. Thus, the actual reduction in emissions achieved by the complementary policies was likely limited to the allowances unsold at auction.
In fact, several of Oregon's existing climate policies regulate emissions that would be covered by a GHG cap-and-trade system. Oregon's RPS regulates the generation of electricity, which is largely produced by large stationary sources and electricity imports, both of which would be covered by the proposed GHG cap-and-trade system. 33 Because the RPS regulates sources covered by the GHG cap-and-trade proposals, once the GHG cap-and-trade system is in place, the RPS will not achieve any incremental emission reductions. Worse yet, because the RPS would raise costs if it required the adoption of renewable energy technologies that reduced GHG emissions at a higher cost than other options.
Interactions between the Oregon's CFP and its GHG cap-and-trade system would be more complicated because portions of the transportation fuel lifecycle would be covered by the GHG cap-andtrade system, while other portions of the fuel lifecycle would be outside the cap. In section III, we provide a more detailed description of these interactions and analyze the actual change in emissions from the California's LCFS.
III. EXPERIENCE WITH INTERACTIONS BETWEEN CALIFORNIA'S LCFS AND ITS GHG CAP-AND-TRADE SYSTEM
California's AB 32 Scoping Plan includes multiple elements aimed at achieving climate targets specified in California's Global Warming Solutions Act of 2008. Implementation of these policies has been staggered, but generally started several years in advance of policies in Oregon. Because many of these policies have been in place for multiple years, California's experience can provide a valuable lens into the interactions among policies, which other states, such as Oregon, can expect from their suite of climate policies.
We focus on interactions between California's LCFS and its GHG cap-and-trade system. The LCFS has been in place since 2013. While the GHG cap-and-trade system has been in place since 2013 as well, the cap initially covered only large stationary point sources, and was not expanded to cover fuels until 2015. As a result, California's experience allows market impacts to be analyzed before and after the interactions between the programs first occurred.
A. Changes in Costs Due to the LCFS
Both the LCFS and GHG cap-and-trade system create price signals that reflect the marginal costs of achieving emission reductions. The LCFS has its own trading program, and LCFS credit prices reflect the (marginal) cost of reducing CO 2 emissions by switching from high-carbon fuels to low-carbon fuels given their differences in carbon intensity. Likewise, GHG allowance prices reflect the tradeoff between taking actions to reduce emissions and the market value of those emission reductions.
There is a large difference between GHG cap-and-trade allowance prices and LCFS credit prices in California. Figure 1 compares LCFS credit prices and GHG allowance prices from 2013 to present. For the program's first few years, LCFS credit prices were often at relatively low levels, comparable to GHG cap-and-trade allowance prices. However, after legal uncertainty about the program 33 SB 1507, Section 13.(2).
was resolved and the carbon-intensity standard was reduced, prices increased appreciably, and have since remained at levels above $80 per MTCO 2 e. In recent months, prices have been closer to $180 per MTCO 2 e. By contrast, GHG cap-and-trade allowances prices are approximately $14 per MTCO 2 e and, for a period, were at the administratively set auction reserve price (i.e. the price floor). The large difference between LCFS credit prices and GHG cap-and-trade allowance prices in California indicates that, at the margin, the emission reductions being achieved by the LCFS are substantially more costly than reductions achieved through the GHG cap-and-trade system. For example, in August 2018, LCFS credit prices averaged $179/MT, while GHG cap-and-trade allowance prices averaged just $15/MT, indicating that marginal CO 2 e abatement costs are more than eleven times greater in the LCFS program than in the GHG cap-and-trade system.
The interactions between the two programs place downward pressure on cap-and-trade allowance prices. In effect, the more costly emission reductions required by the LCFS displace less costly emission reductions that would otherwise be achieved by the cap-and-trade program. But, by reducing emissions from sources that are covered by the cap, the LCFS requirement effectively reduces the GHG cap stringency, thus reducing allowance prices.
Credit prices for Oregon's CFP will differ from prices in California's LCFS. Figure 2 illustrates this, comparing credit prices and volume transacted from California's LCFS and Oregon's CFP. Differences in credit prices reflect a number of factors. One important factor is the difference in the stringency between Oregon and California. With a more stringent carbon-intensity standard, the use of a low-carbon fuel generates fewer credits, thus raising the cost of generating credits. Oregon's CFP required reductions in carbon intensity of 0.5% (relative to a 2015 baseline), while California's LCFS required reductions of 3.5% (relative to a 2010 baseline). In 2018, required reductions are 1% and 5% for Oregon and California, respectively. In addition, estimated carbon-intensity for individual renewable fuels tends to be lower in Oregon than in California, so substitutions generate more credits in Oregon than in California. 34 Thus, use of a given type of low-carbon fuel will tend to create more credits in Oregon than California, thus lowering the cost. The incremental costs of achieving emission reductions through the LCFS, rather than the GHG cap-and-trade system, have been substantial. Figures 3 provides an estimate of the incremental costs of the LCFS relative to the GHG cap-and-trade system. The observed emission reductions are relatively small, less than 4% of the total annual emissions from the California transportation sector and less than 2% of overall state GHG emissions. In total, estimated incremental LCFS costs were around $300 million in both 2016 and 2017, and over $750 million over the 5-year period from 2013 to 2017. Extrapolating for 2018, estimated costs could exceed $400 million. 34 A key source of these differences is that California's carbon-intensity estimates account for indirect land use change, whereas estimates in Oregon to not. 
B. Changes in Emissions Due to the LCFS
While the adoption of a GHG cap-and-trade system will increase the certainty of environmental outcomes, interactions between the GHG cap-and-trade system and complementary programs have consequences for the incremental impact of these complementary measures. With the LCFS, these interactions are complicated because LCFS compliance depends on the lifecycle emissions of each type of transportation fuel, not simply emissions from vehicle fuel combustion. While all of the vehicle emissions are covered by the cap-and-trade program, the portion of a fuel's productions emissions that are regulated by the cap-and-trade system varies across fuel types. The change in emissions due to the LCFS will reflect these differences in emissions outside the cap, rather than activity that is covered by the GHG cap-and-trade system. Figure 4 illustrates the impact of the substitution of a quantity of ethanol for an equal quantity of gasoline (CARBOB). The example assumes that the gasoline is refined in California, while ethanol is refined in an out-of-state (non-California) refinery. The gasoline carbon-intensity is 101 gCO 2 e, including vehicle emissions (74 gCO 2 e), in-state production emissions (14 gCO 2 e), and out-of-state production emissions (13 gCO 2 e). By contrast, ethanol carbon-intensity is lower, 79 gCO 2 e, reflecting only in-state emissions (4 gCO 2 e), and out-of-state production emissions (75 gCO 2 e). Under the LCFS, Incremental Costs ($M) ethanol produces very little net vehicle emissions because carbon sequestered in the process of growing corn to produce ethanol offsets tailpipe emissions.
Absent the GHG cap-and-trade system, switching from gasoline to ethanol results in a carbon reduction of 22 gCO 2 e (that is, 101 gCO 2 e -79 gCO 2 e). However, with the GHG cap-and-trade system in place, the impact needs to account for the interaction of the switch to ethanol proscribed by the LCFS program with the GHG cap-and-trade system. Accounting for this impact requires a separate analysis of changes in emissions from sources covered by the cap-and-trade system and those outside the cap.
Start with emissions under the cap. For gasoline, 88 gCO 2 e of lifecycle emissions are covered by the cap (74 gCO 2 e of vehicle emissions + 14 gCO 2 e from in-state refining), whereas only 4 gCO 2 e of ethanol lifecycle emissions would be covered by the cap. Thus, substituting ethanol for gasoline reduces GHG emissions under the cap by 84 gCO 2 e (that is, 88 gCO 2 e -4 gCO 2 e). However, because total emissions under the cap is fixed, there is actually no change in emissions under the cap; instead, other sources under the cap will increase their emissions by 84 gCO 2 e given the slack in emission created by substitution. Outside the cap, production of 1 MJ of ethanol increases GHG emissions by 75 gCO 2 e, while production of 1 MJ less of gasoline decreases GHG emissions by 13 gCO 2 e. As a result, substitution of ethanol for gasoline increases emissions outside the cap by 62 gCO 2 e (that is, 75 gCO 2 e -13 gCO 2 e).
Net Change in Emissions
Outside The change in emissions from the substitution of low-carbon fuels for traditional fossil fuels --gasoline and diesel --depends on the specific substitution made and the difference in lifecycle emissions that are outside California's GHG cap-and-trade system. Table 1 illustrates these differences for several types of substitutions. For each fuel, we break down lifecycle emissions into production and vehicle emissions under the cap, and emissions outside the cap. Without cap-and-trade, the impact of any given fuel substitution reflects the change in "Total" carbon intensity. However, with cap-and-trade, the impact reflects the change in "Outside the Cap" carbon intensity.
As shown in Table 1 , due to interactions with the cap-and-trade program, substitutions can either increase or decrease GHG emissions. For example, while substitution of ethanol for gasoline increases emissions by 62 gCO 2 e (that is, 75 gCO 2 e -13 gCO 2 e), substitution of electricity (EVs) for gasoline reduces emissions by 66 gCO 2 e (that is, -53 gCO 2 e -13 gCO 2 e). Likewise, substitution of biodiesel for diesel fuel (ULSD) increases emissions by 8 gCO 2 e (that is, 23 gCO 2 e -15 gCO 2 e), while a substitution from gasoline to compressed natural gas (CNG) from landfills decreases emissions by 54 gCO 2 e (that is, -39 gCO 2 e -15 gCO 2 e). Because individual substitution between traditional fossil fuels and renewable fuels could increase or decrease emissions, the aggregate impact of the LCFS will depend on the mix of substitutions used by the market to comply with the LCFS. We estimate the aggregate impact of the LCFS in California from 2012 to present. The analysis reflects the particular mix of fuel used to comply with the LCFS, the carbon-intensity of each type of fuel, and the portion of each type of fuel produced within California (and thus subject to the cap). Further details on the analysis are provided in the appendix. Under the Cap
Lifecycle

Outside the Cap
In aggregate, the direct impact of the LCFS leads to modest reductions in emissions. Figure 6 shows the direct reduction in emissions from the LCFS, before accounting for the interaction with the GHG cap-and-trade system. These estimates reflect reductions achieved by changing the mix of fuels consumed, but do not reflect aggregate reductions. In fact, total GHG emissions from transportation continue to grow under the LCFS, as policies have failed to stem the growth in vehicle miles travelled. Figure 7 shows these changes relative to California's total emissions and total transportation emissions. These changes are modest. For example, the direct change in emissions from the LCFS in 2017 was about 3.5% of total emissions, although this change required credit prices of more than $80 per MTCO 2 e. On average, fuel substitution required to comply with the LCFS has led to an increase in emissions from fuel production outside California not covered by the state's GHG cap-and-trade system. Thus, in aggregate, the LCFS has increased total GHG emissions. Figure 8 shows estimated changes in total GHG emissions from the LCFS over the period 2012 to 2015. Starting in 2015 when the GHG cap-and-trade system was expanded to include fuels, Figure 8 shows the actual change in emissions given the interaction between the LCFS and the GHG cap-and-trade system (the solid blue line) and the emissions reductions the LCFS would have achieved absent the GHG cap-and-trade system interaction (the dashed blue line).
35 Table 2 provides detailed estimates of the changes in emissions associated with the increased (or decreased) use of each type of renewable fuel.
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Prior to 2015 the LCFS achieved reductions ranging from 287,406 to 2,105,268 MTCO 2 e annually, as low-GHG fuels were substituted for fossil fuels. However, since the GHG cap-and-trade system was expanded to include transport fuels in 2015, emissions outside California (i.e., outside the 35 We cannot measure changes in emissions relative to 2010, the year prior to the adoption of the LCFS, because CARB does not provide detailed data on fuel consumption in 2010. Thus, we measure changes in emissions relative to actual emissions in 2011, the first year the program was in effect. Because the LCFS required only a 0.25% reduction in carbon intensity in 2011, a relatively weak requirement, emissions in 2011 provides reasonable benchmark for evaluating program impacts. 36 Over time, the mix of non-traditional fuels has shifted, resulting in lower consumption for some renewable fuels with comparatively higher carbon-intensity. For example, LCFS incentives have led to "fuel shuffling", with reduced consumption of high-carbon-intensity ethanol (> 75 gCO 2 e/MJ) and increased consumption of lowercarbon-intensity ethanol. The analysis does not assume any adjustment to renewable fuel use from 2011 levels that might occur under a GHG cap-andtrade system. Estimates also do not account for emissions from in-state production that might be covered by cap-and-trade.
The increase in emissions reflects several factors. First, nearly all gasoline and diesel used in California is produced in refineries located in California. Thus, reductions in emissions from this refining activity are offset by increases in emissions from other activities. Second, fuel production and refining emissions tend to be larger for low-carbon fuels than for traditional fossil fuels. Thus, the substitution to low-carbon fuels produced out of state often leads to large emission increases.
C. Technology Innovation
CARB has justified the high cost of the LCFS by claiming that it is a "technology" policy aimed at "spurring innovation." A complete analysis of incremental innovation and R&D fostered by the LCFS is beyond the scope of this paper. Such an analysis would need to determine whether technology innovation outcomes (e.g., patents, R&D spending) have increased with LCFS credits prices (after controlling for all other factors affecting investments in innovation). Several points can be made about LCFS outcomes. -6,244 -25,736 -64,663 -11,552 -19,893 -28,823 -9,373 832 528, 455 787, 250 360, 397 58, 113 14, 866 4, 538, 552 5, 578, 020 1, 417, 485 Ethanol >75 0 90, 885 199, 980 156, 601, 338, 683, 330 78, 772 15, 568 197, 440 37, 762 865, 575 881, 223 972, 919 262, 683, 105, 268 720, 777 491, 055 611, 939 49, 856 too early for private sector investment. In 2016, the budget for ARPA-E was $294 million, less than half of the LCFS's incremental cost in the same year.
Second, compliance with the LCFS has been achieved through fuel technologies which have been commercially available prior to the LCFS, but have generally been too costly compared with alternatives without the LCFS subsidy. Figure 9 and 10 illustrate the mix of fuels used to comply with the LCFS in terms of number of credits ( Figure 9 ) and percentage of credits (Figure 10 ). To date, LCFS compliance has been achieved primarily through ethanol, biodiesel, and renewable diesel, accounting for over 80% of credits each year. These fuels were commercially available prior to the LCFS. Thus, to date, LCFS compliance has largely been achieved through the deployment of existing, rather than innovative technology. The LCFS program has expanded the market for these fuels, potentially providing producers of these fuels or suppliers of the underlying feedstock with windfalls (economic rents).
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Figure 9. Mix of Fuels Used to Comply with the LCFS, MMT Credits
Source: CARB. 38 The increase in LCFS credit prices increases the value of the underlying feedstock and means of production. In some cases, some production may be held by companies with proprietary technologies although, as we describe below, the fundamental chemical processes used in current renewable production are fairly well understood scientifically. Ethanol has been the largest source of credits since the inception of the LCFS, while biodiesel has been the third largest source of credits. Both ethanol and biodiesel have been widely produced in the United States for decades, in part due to subsidies from the Federal Renewable Fuel Standard. Ethanol use to comply with the LCFS also includes sugar cane ethanol produced in Brazil, where the sugar cane industry was well-established prior to the LCFS, having produced significant quantities of fuel for decades.
Some ethanol and biodiesel credits have also been created through "fuel shuffling," which occurs when low-carbon intensity ethanol is directed to California (because of the higher price), while highcarbon intensity ethanol is directed to other parts of the county. Fuel shuffling creates "paper" emission reductions in California without actually creating any change in the ethanol fuel stock.
The second largest source of credits is renewable diesel. Renewable diesel is a "drop in" replacement for diesel that does not require any blending. Use of renewable diesel in California has grown in recent years as credit prices have increased. But, renewable diesel was in production long before the LCFS was established. California's renewable diesel is supplied primarily by two producers, Neste (Singapore) and Diamond Green Diesel (Louisiana The share of credits from electric powered vehicles (EVs) has grown in each year. In 2017, EVs accounted for over 10% of credits. Electric vehicles have been growing slowly in share, and face significant technical hurdles to broad commercial acceptance (including battery life and cost, and necessary recharging infrastructure). EVs also benefit from multiple state and federal subsidies, including federal tax deductions, rebates and incentives and requirements related to EV charging stations. The extent to which the LCFS materially increases these incentives is unclear.
D. Implications for Oregon
California's experience with its LCFS has important implications for Oregon.
First, the GHG cap-and-trade system will achieve emission reductions at a lower cost than other (complementary) policies that Oregon has already adopted to address climate change and other environmental impacts. At present, credit prices for the CFP program are approximately $80 per MTCO 2 e, which is significantly above likely GHG cap-and-trade allowance prices. At present, emission reduction costs from the RPS appear comparable (but subject to uncertainty due to limited information).
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These costs may rise as the stringency of Oregon's CFP standard increases.
Second, Oregon should expect the adoption of a GHG cap-and-trade system will have consequences for the effectiveness of the CFP in producing incremental emission reductions. Like California's LCFS, the CFP will lead to no (or little) emission reductions, and potentially even increase emissions as has been the experience in California. As with California, actual emission outcomes will depend on the particular fuel substitutions used to comply with the CFP. However, differences between the state's programs and markets will lead to differences in emission outcomes. While nearly all of California's fossil fuel refining occurs in-state and is thus under the cap, none of Oregon's fuel is refined in-state, and so all reductions in refining emissions are outside the cap. All else equal, this will increase the emission reductions achieved by the CFP (compared to California's LCFS) because reduced gasoline and diesel consumption will reduce out-of-state refinery emissions. In addition, details of the policies, notably the carbon-intensities, differ between the states.
Oregon's CFP has yet to have a meaningful impact on renewable fuel use, thus making it premature to evaluate potential impacts of the overlap with a GHG cap-and-trade system. In 2017, renewable fuel use increased by only 33 Million MJ compared with 20,360 Million MJ consumed in 2016, an increase of less than 0.2%. 41 Changes in the mix of non-traditional fuels led to reductions in emissions (as measured by Oregon) of 17,751 MTCO 2 e. This is a very small change in emissions, less than 0.1% of total transportation in emissions in 2016 (24.2 million MTCO 2 e). This change in fuel mix included a decrease in ethanol consumption of 713 Million MJ and an increase in consumption of other 40 In 2017, the average reported cost of bundled RECs was $29 per REC for Portland General Electric. (Reported cost per REC for unbundled RECs was substantially lower.) Assuming that the REC displaces natural gas-fired generation with a heat rate of 8 MMBtu per MWh, this results in a cost of $68 per MTCO 2 e. PacifiCorp's costs were not publicly reported. Portland General Electric, UM 1958 -PGE 2017 Renewable Portfolio Standard Compliance Report, June 1, 2018.
https://www.oregon.gov/energy/energy-oregon/Documents/2017-PGECompliance-Report.pdf 41 As with our analysis of California's LCFS, we estimate changes in emissions relative to 2016, the first year of the CFP, because Oregon does not report detailed information on non-traditional fuel use in 2015. fuels (including biodiesel, renewable diesel and forms of CNG) of 746 Million MJ. This shift in the composition of non-traditional fuels may be the result of CFP incentives, or it may be the result of other market factors.
IV. NEXT STEPS FOR OREGON CLIMATE POLICY
As Oregon contemplates the adoption of a GHG cap-and-trade system, it has several options for its suite of climate policies. One approach maintains all policies, as currently proposed, with a new GHG cap-and-trade system plus existing complementary policies. Our analysis shows that, due to interactions among overlapping climate policies, retaining many of the existing complementary policies could be very costly without achieving any incremental environmental benefits.
A second option would develop a GHG cap-and-trade system of sufficient stringency to achieve targeted emissions or allow prices to rise to the social cost of carbon, and end complementary policies that do not produce incremental economic benefits by addressing market failure unrelated to the GHG emission externality or target sources not covered by the cap. This approach could begin by undertaking a thorough assessment of the likely interactions among overlapping climate policies and the extent to which policies address market failures unrelated to GHG emissions or target sources not covered by the GHG cap-and-trade system. Economic analysis unambiguously shows that this second option, relying largely (if not solely) on GHG emission pricing, is the most cost-effective approach to achieving emission targets.
However, political realities may not support the immediate adoption of climate policies relying on high (efficient) carbon pricing. Thus, when carbon pricing is adopted, the resulting price levels are often well below the social cost of carbon and price levels that would be needed to achieve the emission targets sought by legislators. Instead, states (and other local governments) often take a "belts and suspenders" approach that pursues reduction through a "suite" of policies targeting many of the activities that lead to GHG emissions (i.e., the first option described above). This approach is often more politically expedient, as it offers the possibility of addressing climate change while hiding the costs. However, this approach may actually be less effective at achieving desired emission reductions. And, as state climate policies become increasing stringent, the costs associated with inefficient complementary policies will become larger.
A third option takes a hybrid approach by enacting carbon pricing that begins at relatively low levels that are politically feasible even if they are not optimal, gradually raising prices over time. As carbon prices are increased over time, reliance on the more costly complementary policies to achieve targeted emission reductions can be diminished, and in some cases eliminated. Those complementary policies that address other legitimate market failures (e.g., energy R&D, energy efficiency programs, etc.) or sources outside the cap would be retained. Thus, the burden of achieving GHG emission reductions can be shifted from complementary policies to GHG pricing.
Along with acclimating politicians and citizens to carbon pricing, decisions about the use of the revenues from GHG pricing may also have an important role in affecting political willingness to adopt ambitious carbon-pricing policies. Much of the opposition stems from the perception that carbon pricing constitutes a new tax. Thus, while decisions about revenue use has important impacts on the costs of achieving climate goals, these decisions may also lower political barriers to GHG cap-and-trade systems if revenues uses can defuse arguments grounded in opposition to new taxes. In particular, making a GHG cap-and-trade system revenue neutral may address concerns that the policy is a new tax. Making the use of revenues transparent may also reduce political opposition.
In the interim, there are several important considerations for decisions regarding complementary policies. First, policies that meet the criteria identified above, such as addressing market-failures unrelated to the GHG emission externality or targeting emission sources outside the emission cap, will continue to provide economic, and potentially environmental, benefits. Second, complementary policies that achieve emission reductions at a lower cost than alternatives will be more economically efficient. Finally, complementary policies that include mechanisms to reduce their stringency over time may better allow carbon pricing to achieve a growing share of emission reductions. In this regard, subsidies are problematic, as they create a constituency that inevitably lobbies for their preservation. Costs of emission reductions can be represented by the area under an emissions reduction supply curve between the origin and market clearing price, here represented by the average annual credit price. If we make the simplifying assumption of a linear supply curve, costs will equal half of the expenditures, since the area of a triangle is one half the area of a rectangle with same base and height. 
Source: CARB.
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